work has shown that, in vivo, mammalian germ cells maintain poised chromatin at promoters of many genes that regulate somatic development, and that they retain this state from fetal stages through meiosis and gametogenesis. We hypothesize that the poised chromatin state is essential for germ cell identity and function. We propose three roles for poised chromatin in the mammalian germ line: prevention of DNA methylation, maintenance of germ cell identity, and preparation for totipotency, and discuss these roles in the context of recently proposed models for germline potency and epigenetic inheritance.
Introduction
Poised, or bivalent, chromatin -chromatin domains bearing both the activation-associated histone modification H3K4me3 and the repression-associated modification H3K27me3 -was first identified at developmental gene promoters in embryonic stem cells (ESCs) (Figure 1 ) (Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007) . In general, poised chromatin is correlated with pluripotency: pluripotent cells have high numbers of poised domains compared to more differentiated cells, and these domains tend to resolve toward a purely active or repressed state during differentiation (Mikkelsen et al., 2007; Cui et al., 2009; Hattori et al., 2013) , although exceptions have been reported (Mohn et al., 2008) . As a result, the poised chromatin state is thought to be functionally associated with, and important for, pluripotency (Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007) . Several recent studies (Hammoud et al., 2009; Mochizuki et al., 2012; Erkek et al., 2013; Lesch et al., 2013; Ng et al., 2013; Sachs et al., 2013; Hammoud et al., 2014) have collectively shown that poised chromatin is maintained at developmentally critical gene promoters at multiple stages of male and female germ cell development in the mouse (Table 1) . Germ cells represent a unique in vivo cell population: although they undergo extensive cellular differentiation as unipotent cells during gametogenesis, they nevertheless contribute to a totipotent embryo at fertilization (Figure 2A ).
We postulate that maintenance of a poised chromatin state in germ cells at promoters of developmental regulatory genes spanning all somatic lineages holds the key to this apparent paradox, and represents an essential in vivo function of this epigenetic state. Here, we first review the evidence for maintenance of poised chromatin in the mammalian germ line, before discussing three mutually compatible potential roles for the poised state in germ cell biology.
We then highlight the possible effects of perturbation of the germline-poised state, and outline some of the many remaining questions regarding the role and regulation of poised chromatin in the germ line.
Evidence for maintenance of a poised chromatin state in mammalian germ cells
In mammals, germ cells arise at around the time of gastrulation (~embryonic day (E) 6.25) from a larger pool of cells with apparently equivalent developmental potential (Tam and Zhou, 1996; Saitou et al., 2002) . From that time until about E12.5, germ cells are fate-restricted as gamete precursors but are thought to be 'pluripotent-like': they maintain expression of the pluripotencyassociated regulators Oct4, Sox2, and Nanog, and they can form self-renewing pluripotent cell lines (embryonic germ (EG) lines) in culture (Rosner et al., 1990; McLaren, 2003; Yamaguchi et al., 2005; Yabuta et al., 2006) . Two recent studies interrogated genome-wide H3K4me3 and H3K27me3 placement in E11.5 (Sachs et al., 2013) and E12.5 (Lesch et al., 2013) germ cells, and found that these early germ cells share an additional feature with ESCs: they retain a poised chromatin state at the promoters of a broad set of developmental regulatory genes. These poised genes include regulators of all major somatic lineages, and are not expressed in the germ line at time points for which data is available (Yamaguchi et al., 2013) (Table 2 ). The poised gene sets agree well across independent datasets (50-80% overlap, see Table 2 ). Depending on the criteria used, estimates of the number of poised promoters range widely, from several hundred to about 4300. More surprisingly, 30-60% of poised genes retain the poised epigenetic state in both male and female germ cells following the onset of sexual differentiation and female meiosis, at E13.5 (Mochizuki et al., 2012; Lesch et al., 2013; Ng et al., 2013; Sachs et al., 2013) and E14.5 (Lesch et al., 2013) (Table 2 ). This apparent stability during differentiation contrasts with events in in vitro stem cell populations, where promoters that are poised in pluripotent stem cells tend to resolve toward a univalent state, either active or repressed, as differentiation progresses and developmental potential becomes more restricted (Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007) .
In male germ cells, retention of poised chromatin continues into postnatal stages. It is present in adult germline stem cells (Hammoud et al., 2014) , which, like early fetal germ cells, can give rise to EG cell lines in culture (Kanatsu-Shinohara et al., 2004) . Further, differentiating adult male germ cells that have initiated or completed meiosis (pachytene spermatocytes and round spermatids, respectively) also retain a poised epigenetic state at a majority of the same genes that are poised in early fetal germ cells, highlighting the maintenance of the bivalent state throughout the germline cycle (Lesch et al., 2013) . Retention of poised chromatin during and after meiosis, a time when extensive chromatin reorganization associated with DNA recombination occurs and pluripotency regulators such as Oct4 are turned off (Pesce et al., 1998) , argues for the importance of actively maintaining this chromatin state throughout gametogenesis, even when the germ cells have lost other features of pluripotency.
These recent data now allow us to contextualize genome-wide analyses of histone modifications in mature spermatozoa in human and mouse (Hammoud et al., 2009; Brykczynska et al., 2010; Erkek et al., 2013) . Although most histones are replaced by protamines during spermatogenesis, a few are retained, estimated to represent about 1% of total genome coverage in mouse (Brykczynska et al., 2010; Erkek et al., 2013) , and 4-10% in human (Hammoud et al., 2009; Brykczynska et al., 2010) . Overwhelmingly, retained histones are found at CpG islands near the promoters of developmental regulatory genes, including about half of the genes that are poised in fetal germ cells, and many of these retained histones also carry H3K4me3 and H3K27me3 modifications (Hammoud et al., 2009; Vavouri and Lehner, 2011; Erkek et al., 2013) . Together, these data indicate that the poised state is present at developmental promoters throughout germ cell development and is retained in mature gametes, at least in the male. This stability suggests a fundamental role for the poised chromatin state in the germ line. We now propose three biological functions for poised chromatin in mammalian germ cells: antagonism of DNA methylation at developmental promoters, maintenance of germ cell identity, and preparation for totipotency after fertilization.
Proposed role 1: Prevention of DNA methylation at key developmental promoters
Early work in ESCs established a strong association between poised chromatin and DNA hypomethylation (Meissner et al., 2008) . In both ESCs and germ cells, poised chromatin domains are highly correlated with CpG islands -regions with a high density of CpG dinucleotides that usually reside in the promoters of housekeeping and developmental genes and lack DNA methylation (Bernstein et al., 2006; Meissner et al., 2008) . H3K4 methylation and DNA cytosine methylation are associated with opposite transcriptional states: methylated H3K4 is found in regions of open chromatin or active transcription, while DNA methylation promotes condensed chromatin and long-term transcriptional repression. Further, their deposition is mutually antagonistic: DNA methylation interferes with recruitment of H3K4 methyltransferase complexes (Box 1), and the presence of methylated H3K4 interferes with recruitment and activity of the DNA methyltransferases DNMT3A and DNMT3B (for review, see (Voigt et al., 2013) ). In stem cells, loci that lose both H3K4me3 and H3K27me3 marks after multiple passages in culture have a high likelihood of gaining DNA methylation and becoming hypermethylated (Meissner et al., 2008) .
Retention of H3K4me3 at critical developmental promoters in the germ line may therefore be a means of preventing DNA methylation at these important regulatory sites. Cells of the germ line undergo two waves of de novo DNA methylation during their life cycle: once at implantation, when all cells of the embryo acquire methylation, and once following germ cell sexual differentiation, when maternal and paternal imprints are established (Smallwood and Kelsey, 2012) . During these times, expression of de novo DNA methyltransferases peaks and genomewide methylation levels increase rapidly (La Salle et al., 2004; Lucifero et al., 2007) . The presence of H3K4me3 at important genomic regions during these periods might help to set these regions apart from the rest of the genome and preserve them in an unmethylated state. Protection from DNA methylation could serve two important functions: it may prevent long-term repression of important developmental genes, making them easier to activate during embryogenesis, and it may guard against accumulation of mutations at important transcriptional regulatory regions.
Methylated DNA is subject to spontaneous deamination of 5-methylcytosine to thymine, causing C!T transition mutations and leading to CpG depletion over many generations (Coulondre et al., 1978; Cohen et al., 2011) . Inhibition of DNA methylation by retention of H3K4me3 at important promoter regions in the germ line would prevent these effects, and could therefore help to ensure that developmental promoters respond reliably to regulatory signals during embryogenesis on both single-and multi-generational time scales. In this context, it will be important to compare the set of poised genes in germ cells with the set of methylated genes in early mouse (Smallwood et al., 2011; Smith et al., 2012) and human (Guo et al., 2014; Smith et al., 2014) (Maatouk et al., 2006; Fouse et al., 2008; Meissner et al., 2008; Seisenberger et al., 2012) . Intriguingly, some of these genes retain DNA methylation but also recruit RNA Polymerase II and undergo active transcription during spermatogenesis, constituting an alternative, "atypical" mode of transcriptional regulation at DNA-methylated sites (Hammoud et al., 2014) . Thus, the CpG island-associated developmental regulatory genes that acquire DNA methylation are expressed in germ cells, while those that remain poised and hypomethylated are not expressed.
In sum, these findings suggest that functional gene classes in the germ line can be compartmentalized based on modes of epigenetic regulation, as has been previously proposed (Mochizuki et al., 2012; Erkek et al., 2013) . Housekeeping genes maintain H3K4me3, are transcriptionally active, and are hypomethylated. Regulators of somatic development maintain a poised, H3K4me3/H3K27me3-positive chromatin state and are transcriptionally silent but hypomethylated. Finally, regulators of germ cell development are transcriptionally regulated by mechanisms associated with DNA methylation, rather than mechanisms associated with histone methylation (summarized in Table 3 ).
Proposed role 2: Poised chromatin as mammalian germ plasm
As discussed above, poised chromatin is present not only in fetal mammalian germ cells (considered to be 'pluripotent-like'), but also in meiotic and postmeiotic germ cells, suggesting a remarkable continuity throughout development. Both the H3K4me3 and H3K27me3 modifications are mitotically heritable (see Box 2). Continuity of a defining biochemical entity in the germ line is reminiscent of "germ plasm", the specialized cytoplasmic inclusions containing specific RNAs and proteins that determine and define the germ line in many nonmammalian species. In C. elegans, Drosophila, Xenopus, and D. rerio, germ plasm is maternally inherited and asymmetrically segregated during early embryogenesis; information required for germ line specification is therefore passed through the egg, to the germ cells, and back to the egg. In these species, germ plasm is a biochemical means of specifying and maintaining the germ line across generations (Extavour and Akam, 2003; Strome and Lehmann, 2007) . Like germ plasm, retention of the poised state at a broad set of genes involved in specification of all somatic lineages may serve to set germ cells apart from surrounding somatic cell types (which may in some cases retain the poised state at a smaller, more specialized subset of genes), effectively identifying a germ cell as a germ cell throughout the life cycle of the organism. Thus, in mammals, a specialized nuclear state rather than a specialized cytoplasm may serve to specify and maintain germ line identity. Interestingly, zebrafish exhibit both cytoplasmic germ plasm and poised nuclear chromatin, presenting a possible evolutionary intermediate (Wu et al., 2011) .
Indeed, August Weismann's original conception of germ plasm as a material specific to the germ cells and not the soma, that is "always passed on from the germ-cell in which an organism originates in direct continuity to the germ-cells of succeeding generations", localized it to the "nuclear substance" of the germ cell, rather than to the cytoplasm (Weismann, 1893) . Like both Weismann's germ plasm and the cytoplasmic substance with which the term is currently associated in various nonmammalian species, poised chromatin at a broad set of developmental genes may be continuously present in germ cells throughout the mammalian life cycle, but severely reduced and restricted to a narrow set of lineage-specific genes in somatic cell types.
Loss of poised chromatin would presumably enable lineage-specific differentiation in somatic tissue, as regulators of alternative lineages lose the poised state and become repressed; conversely, retention of poised chromatin in germ cells at regulators of all somatic lineages would define them as non-somatic, and may confer on them their ability to pass nuclear material on to the next generation. Like germ plasm, poised chromatin at a broad set of developmental genes therefore links mature mammalian gametes to the early embryo, to nascent germ cells, and back to mature gametes (Figure 2A) .
Poised chromatin at a set of developmental genes spanning all somatic lineages appears to be correlated with germ cell identity, but if the function of this chromatin state is analogous to that of germ plasm, then the poised state should also be functionally required for the germ cells to remain germ cells. We have already described one putative role for H3K4me3 at poised promoters (Role 1 above), although this has yet to be experimentally addressed. As a mediator of transcriptional repression, H3K27me3 also has a critical role in the germ line. Repression of somatic developmental regulators, including poised genes, is important for germ cell maintenance. In mutants such as Prdm1 (also called Blimp1) that fail to maintain repression of somatic developmental genes in the germ line, germ cells die early in their development (Ohinata et al., 2005; Kurimoto et al., 2008) . Furthermore, germline-poised genes belong to a subset of ESC-poised genes that retain Polycomb Repressive Complex 1 (PRC1) in addition to PRC2 (see Box 1). PRC1 occupancy at PRC2-positive promoters strongly correlates with transcriptional repression. PRC1/PRC2 double-positive regions also retain H3K27me3 more efficiently upon differentiation, and their poised status is more strongly conserved between human and mouse ESCs (Ku et al., 2008) . In mice, female germ cells mutant for PRC1 components exhibit impaired development and produce defective embryos (Posfai et al., 2012) , and oocytes depleted for the H3K27 methyltransferase EZH2 give rise to offspring with severe growth retardation This model can be illustrated using three representative genes, Gata6, Onecut1, and Olig2. The predicted chromatin states of these genes based on their expression patterns during embryogenesis are shown in Figure 2B . All three have been shown to be poised in the germ line.
The model predicts that Gata6 would resolve to an H3K27me3-only state in trophectoderm, and to an H3K4me3-only state in extraembryonic endoderm, where it is known to be expressed and to play a critical role in the developing yolk sac (Koutsourakis et al., 1999; Rugg-Gunn et al., 2010) . Gata6 is also expressed in embryonic endoderm and mesoderm, where, according to the model, it would resolve to an H3K4me3-only state, but not in ectoderm, where it would resolve to an H3K27me3-only state (Koutsourakis et al., 1999) . Onecut1 plays a critical role in ectoderm and endoderm development, but is not expressed in mesoderm (Landry et al., 1997); Onecut1 would therefore resolve to H3K4me3 in endoderm and ectoderm, and to H3K27me3 in mesoderm. In contrast, Olig2 is a neural-lineage-specific transcription factor that is expressed in oligodendrocyte precursors and astrocytes of the developing brain and spinal cord and is important for their differentiation (Lu et al., 2000; Zhou and Anderson, 2002; Liu and Rao, 2004) . Olig2 would be expected to remain poised in early ectoderm, and to resolve fully at later stages of development (e.g. in neural stem cells). In fact, Olig2 was found to resolve to an active H3K4me3-only state in neural progenitor cells differentiated from mESCs (Mikkelsen et al., 2007) .
Currently available data from early mouse embryos are consistent with this model. The vast majority of our knowledge of the properties and regulation of poised genes comes from ESCs, which are derived from the inner cell mass of the blastocyst and serve as a proxy for a pluripotent, pre-differentiation state. Nearly all (88%) of genes that are poised in the germ line from fetal through post-meiotic stages (Lesch et al., 2013) remain poised in ESCs (Mikkelsen et al., 2007) . In vivo ChIP-seq data is difficult to obtain from the small number of cells in the preimplantation embryo, but ChIP-qPCR data are available from early mouse embryos at E5.5.
At this stage, mouse embryos have separated the epiblast, which will form all tissues of the embryo proper, from the extraembryonic ectoderm and visceral endoderm, two lineages that will form extraembryonic tissues. ChIP-qPCR data from microdissected epiblast, extraembryonic ectoderm, and visceral endoderm at E5.5 (Rugg-Gunn et al., 2010) indicate that germline-poised genes that are involved in differentiation of extraembryonic ectoderm (Cdx2) and visceral endoderm (Gata6, Sox17) resolve to an active or repressed state depending on the tissue in which they reside, while other developmental regulatory genes that are poised in the germ line (Lesch et al., 2013; Sachs et al., 2013) remain poised in the pluripotent epiblast (Rugg-Gunn et al., 2010) . Intriguingly, some of the same genes that are poised in germ cells are frequently DNAhypermethylated in cancer (Ohm et al., 2007; Mack et al., 2014) and aging (Rakyan et al., 2010) .
Consequences of perturbing the poised state
For example, Sfrp2 is poised in both meiotic and postmeiotic mouse spermatogenic cells and its ortholog SFRP2 is hypermethylated in multiple human cancer types, including colon, renal, and blood cancers (Ohm et al., 2007) . A recent study of type A ependymomas revealed a strong DNA hypermethylation signature, along with increased levels of H3K27me3, at developmental regulatory genes in these tumors, including SFRP2 and other genes whose orthologs are poised in the mouse germ line (Mack et al., 2014) . As described above ("Proposed Role 1"), poised chromatin may act in part to protect the promoters of developmentally potent genes from DNA methylation in the germ line. The correlation between cancer-methylated and germline-poised genes suggests that perturbation or imbalance of the poised state in the germ line could leave promoters vulnerable to DNA methylation, perhaps altering susceptibility to cancer and agingassociated disease in adult offspring. This possibility does not exclude the initiation of aberrant DNA methylation in somatic lineages following differentiation, independent of germline influence, but may help to explain some cases of cancer-associated DNA hypermethylation.
Verification of the presence of the poised chromatin state at these genes may therefore be a critical test for germ cells derived using in vitro systems and intended for clinical use. It may also be an important quality check for sperm and oocytes isolated for use in more conventional in vitro fertilization procedures.
Conclusions
Poised chromatin is a well-defined feature of stem cells in vitro, but its meaning in vivo is only beginning to be explored. Accumulating evidence indicates that poised chromatin is present in the mammalian germ line at the promoters of genes required for differentiation of all somatic lineages across multiple stages of germ cell development. We propose that the biological role of the poised epigenetic state in the germ line is to regulate somatic developmental gene expression across generations, and that this role in the germ line may in fact be the most critical function of the poised chromatin state in vivo. The concurrent presence of H3K4me3 and H3K27me3 allows germ cells to protect critical developmental genes from inappropriate DNA methylation that could lead to increased risk of mutation, while simultaneously preventing the expression of somatic developmental regulators in germ cells. This poised state may help to define germ cell identity and to promote the critical transition from differentiated gamete to totipotent zygote at fertilization. Previously described examples of poised genes in differentiated somatic cells would then reflect the end stages of a long process of progressive differentiation and resolution of poised promoters as somatic lineages diverge from the germ line. Following fertilization, a set of poised genes would resolve in somatic lineages during formation of the extraembryonic tissues and primordial germ layers, as these tissues differentiate and lose the ability to contribute to the germ line. As development continues, increasing numbers of poised genes would resolve in each lineage, until only a small subset of lineage-specific poised genes remained in multipotent progenitor cells or in terminally differentiated cell types.
A number of critical experiments remain to be performed. First, experimental evidence for prevention of DNA methylation -and consequent prevention of C!T mutation -by H3K4me3 at poised loci in the germ line will be crucial to support the proposed role of H3K4me3 as a DNA methylation inhibitor. Second, definitive evidence for a role for germline-poised chromatin during early embryonic development is lacking. Challenging but essential functional studies must be done to directly perturb chromatin state in the germ cells and connect it to phenotypic effects in early embryos. Third, it remains to be determined whether the histone modifications associated with poised chromatin remain stable at poised genes during development, or whether they recruit additional chromatin factors to act as intermediate carriers and relay information during critical transitions. Fourth, no genome-wide chromatin data exists for germ cells in the critical period surrounding their specification, between E6.5 and E7.5.
Others have proposed that germ cells are specified from a mesodermal intermediate at this point (Kurimoto et al., 2008; Hayashi and Surani, 2009; Aramaki et al., 2013) ; demonstration that poised chromatin is retained at developmental genes corresponding to all somatic lineages in E6.5-E7.5 germ cells would support the model that the germ line remains segregated from soma throughout this period (Leitch and Smith, 2013) . Fifth, the extent to which the poised gene complements of the maternal and paternal germ lines diverge has yet to be evaluated; poising of different gene sets in the male and female germ lines may correspond to biologically significant differences in maternal and paternal influences on inheritance and development.
Finally, it is not clear how deep the germline-poised state extends in the evolutionary tree.
Zebrafish sperm carry multivalent chromatin domains, including both H3K4me3 and H3K27me3, implying that poised germ line chromatin is not limited to mammals (Wu et al., 2011) . In contrast, there is little evidence for poised chromatin in the germ line or soma in either (Shilatifard, 2012) . It has recently been proposed that MLL2 is primarily responsible for H3K4 trimethylation at poised promoters (Denissov et al., 2014) .
PcG proteins form two types of complexes, Polycomb Repressive Complex 1 (PRC1) and PRC2, of which there are multiple variants with alternative subunits in mammals (reviewed in (Simon and Kingston, 2013) . PRC2 complexes catalyze trimethylation of H3K27; PRC1 complexes bind H3K27me3 and either catalyze ubiquitination of H2A lysine 119 (H2AK119ub), or act to directly compact chromatin (Gao et al., 2012; Tavares et al., 2012) , reinforcing the repressive effects of PRC2.
Both TrxG and PcG complexes remain bound near sites of H3K4 and H3K27 histone methylation (Ku et al., 2008; Denissov et al., 2014) . How these two antagonistic protein complexes interact in the context of poised chromatin domains in mammalian cells remains an active area of investigation (Schmitges et al., 2011; Voigt et al., 2012) .
Box 2: Mitotic inheritance of H3K4me3 and H3K27me3
During mitotic division, chromosomes condense several hundred fold, and many transcription factors and chromatin regulatory factors dissociate from the chromatin (Woodcock and Ghosh, 2010) . However, some H3K4me3-and H3K27me3-marked histones, as well as the histone methyltransferase complexes responsible for their deposition, remain associated with the chromosomes during mitosis (Chen et al., 2005; Terrenoire et al., 2010) . In mammals, the trithorax group MLL proteins (see Box 1) bind mitotic chromatin (Blobel et al., 2009) . Futher, experiments in Xenopus and in Dictyostelium discoideum point to a requirement for methylation of the H3K4 residue itself in mediating epigenetic memory of transcriptional activity during mitosis: when the K4 residue of histone H3 is mutated to glutamate (Ng and Gurdon, 2008) or alanine (Muramoto et al., 2010) , epigenetic memory of transcriptional activity across mitotic divisions is disrupted. Polycomb group complexes also remain associated with mitotic chromosomes, although to a lesser extent than Trithorax, and they co-localize with H3K27me3 on metaphase chromosomes in mammalian cells (Vincenz and Kerppola, 2008; Follmer et al., 2012; Fonseca et al., 2012) . Although current data provides good support for the heritability of both H3K4me3 and H3K27me3 individually during cell division, the stability of the poised chromatin state during mitotic metaphase has not been thoroughly examined. .5 time points, poised genes were identified using the following criteria: top 25% of H3K4me3 signal and top 5% of H3K27me3 signal within 2 kilobases of the transcription start site (TSS), and FPKM ≤ 1. E11.5 germ cell data was re-analyzed to fit these criteria for H3K4me3 and H3K27me3 only, as this publication used microarrays to measure gene expression. Genes "not expressed" at E9.5 are those with FPKM ≤ 1. Mature sperm data includes genes with both an H3K4me3 and an H3K27me3 peak (p < 10 -5 ) within 1 kilobase of the TSS. Poised genes in ESCs are as defined in Mikkelsen et al., 2007 . All of these genes are poised in cells of the germ line at multiple stages (upper left). During differentiation, these genes become restricted to particular lineages, and the poised state is resolved to either an activated (H3K4me3; purple) or repressed (H3K27me3; orange) state. Note that mesoderm and visceral endoderm have the same combination of active and repressive marks for these three genes, but would be expected to differ in chromatin state at other poised genes not illustrated in the figure. 
